Cucurbitacin E (CuE) is a natural compound previously shown to have anti-feedant, antioxidant and antitumor activities as well as a potent chemo-preventive action against cancer. The present study investigates its anti-proliferative property using MTT assay; CuE demonstrated cytotoxic activity against malignant glioma GBM 8401 cells and induced cell cycle G 2 /M arrest in these cells. CuE-treated cells accumulated in metaphase (CuE 2.5-10 lM) as determined using MPM-2 by flow cytometry. We attempted to characterize the molecular pathways responsible for cytotoxic effects of CuE in GBM 8401 cells. We studied the genome-wide gene expression profile on microarrays and molecular networks by using pathway analysis tools of bioinformatics. The CuE reduced the expression of 558 genes and elevated the levels of 1354 genes, suggesting an existence of the common pathways involved in induction of G 2 /M arrest. We identified the RB (GADD45b and GADD45c) and the p53 (GADD45a) signaling pathways as the common pathways, serving as key molecules that regulate cell cycle. Results indicate that CuE produced G 2 /M arrest as well as the upregulation of GADD45 c and binding with CDC2. Both effects increased proportionally with the dose of CuE, suggesting that the CuE-induced mitosis delay is regulated by GADD45c overexpression. Our findings suggest that, in addition to the known effects on cancer prevention, CuE may have antitumor activity in glioma therapy.
In recent years, their putative beneficial bromacological/ pharmacological effects as anti-inflammatory 5 and anticancer agents have been studied. 6, 7 Cucurbitacin E (CuE) is an active anti-feedant compound 8 with the ability to disrupt cell actin 9 and cell adhesion. 10 Reports have demonstrated that CuE has an inhibitory effect on cancer cell proliferation, actin polymerization, and permeability. 11, 12 However, whether CuE inhibits malignant glioma growth remains unknown. Furthermore, the mechanism underlying the anticancer effect of CuE is yet to be identified. Human brain malignant gliomas (GBMs) are highly lethal primary brain tumors (grade IV gliomas), which appear to harbor the therapy-resistant cancer stem cells that have been shown to be a major cause of recurrence. 13 GBM 8401 cells were isolated and established from a Chinese female patient with brain malignant glioma. 2 These cells have been shown to be tumorigenic in athymic nude mice.
14 Recent studies have suggested that GBMs contain a subpopulation of tumor cells that display stem cell-like characteristics and could therefore be responsible for tumor growth in vivo. 15 For this reason, many studies selected GBM 8401 cells as a model for human brain glioblastoma to analyze the antitumor activity of biologically active compounds. 13, 14, 16 Results CuE inhibits the cell survival/proliferation of GBM 8401 cells. We hypothesized that CuE could mediate the survival of GBM 8401 cells and thus inhibit their proliferation.
To explore the antitumor activity of CuE against the GBM 8401 cells, an in vitro study was initiated by treating the GBM 8401 cells to increasing doses of CuE (0, 2.5, 5, and 10 mM) for 24 h. The proliferation of these CuE-treated cancer cells was then measured by the MTT assay. The results summarized in Figure 1a indicate that both the survival and proliferation of GBM 8401 cells, but not that of normal skin fibroblast Hs-68 cells and normal lung fibroblast MRC-5 cells (data not shown), decrease as per increase in the dose of CuE added to the cell culture, in a dose-dependent manner (y ¼ À 3.5819x þ 92.647, R 2 ¼ 0.8374) during the 24-h treatment. Moreover, CuE was noted to induce a morphological change in the GBM 8401 cells. A microscopic examination showed that following the exposure to CuE (5 mM) for 24 h, the GBM 8401 cells have displayed a remarkable change in their morphology and that CuE induced the death of cancer cells, which formed a suspension in the medium (data not shown).
Growth-inhibitory effect of CuE is partially irreversible.
To study whether the growth-inhibitory effect of CuE is reversible, the GBM 8401 cells were recultivated in a fresh culture medium, after their exposure to CuE for 24 h, and the recovery of cell proliferation was then assessed for an additional 24-48 h( Figure 1a ) and analyzed using the MTT assay. The results in Figure 1a suggest Apoptosis of GBM 8401 cells is not induced by CuE. To identify the role of CuE in the apoptosis of GBM 8401 cells, we used Annexin V-FITC and propidium iodide staining to reveal the formation of apoptotic cells following 4 h of exposure to CuE. The percentage of apoptotic cells was assessed by flow cytometric analysis (Figure 1b) . A dot-plot of Annexin V-FITC fluorescence versus propidium iodide (PI) fluorescence indicates a nonsignificant increase in the percentage of apoptotic cells treated with CuE, compared with untreated cells. No significant increase was observed in the percentage of cells undergoing necrosis, apoptosis (Figure 1c ) or caspase 3 activation at CuE concentrations of 2.5-10 mM (data not shown). The loss of mitochondrial membrane potential (MMP) is a hallmark for apoptosis. It is an early event coinciding with caspase activation. In nonapoptotic cells, JC-1 exists as a monomer in the cytosol (green) and accumulates as aggregates in the mitochondria, which appear red. In apoptotic and necrotic cells, JC-1 exists in monomeric form and stains the cytosol green. CuE-free GBM 8401 cells are without apoptosis, which have red fluorescing J-aggregates. The percentages of apoptotic GBM 8401 cells were analyzed by flow cytometer in different Figure 1 (a) CuE mediates the survival of GBM8401 cells (n ¼ 6 per group) and thus inhibits their proliferation. In vitro study was initiated by treating each of the cell lines to the increasing doses of CuE (0, 2.5, 5 and 10 mM) for 24 h. Reversibility of the growth-inhibitory effect of CuE in Figure 1A . The GBM8401 cells were each first treated with CuE for 24 h. After the treatment was terminated by washing off CuE, the cultures were reincubated for 24-48 h to check the extent of recovery of cancer cells. The survival of these CuE-treated GBM8401 cells was then measured by MTT assay. (b) Influence of CuE on apoptosis in GBM8401 cells. (c) Total apoptosis in GBM8401 cells after 4 h of incubation with CuE. Results were expressed as a percentage of total apoptotic cells (early and late apoptosis). Results were expressed as a percentage of control, which was considered as 100%. All data were reported as the means ( ± S.E.M.) of at least three separate experiments. Statistical analysis used the t-test, with the significant differences determined at the level of *Po0.05 versus control group, # Po0.05 versus 24 h-treated group CuE-treated groups. Taken together, the observations imply that CuE has not significantly reduced the MMP of GBM 8401 cells (data not shown). However, the results summarized in Figure 1 indicate that CuE may mediate the survival of GBM 8401 cells. Thus, we hypothesize that the proliferation of these cells was inhibited by pathways other than apoptosis and necrosis.
CuE treatment induces the accumulation of G 2 /M phase in GBM 8401 cells. The cell cycle distribution of CuE-treated cells was analyzed by flow cytometry. Cells were exposed to CuE for 24 h before processing and analysis. As shown in Figure 2a, Treating the GBM 8401 cells with nocodazole for 24 h resulted in synchronization of entire cell populations in the G 2 /M phase as well as an increase in MPM-2 labeling (Figure 2c) . Among all cells treated with CuE, MPM-2 staining had elevated above negative control levels (Figure 2d) levels of gene expression changes simply attributable to the technical errors. Therefore, we considered fold changes 42 or o0.5, calculated by dividing the expression levels in the CuE-treated cells by those in the vehicle-treated cells, as substantial upregulation or downregulation, respectively. To identify biologically relevant molecular networks of these genes, the distinct pathway analysis tools of bioinformatics endowed with the comprehensive knowledge base Kyoto Encyclopedia of Genes and Genomes (KEGG) (www.kegg.jp) were used. We identified the KEGG pathway (Table 1 ) and a battery of downregulated genes (Table 2a) and upregulated genes following the treatment with CuE (Table 2b) . (Figure 3c) . Figure 4 illustrates the immunoblotting of cellular proteins from GBM8401 cells treated with CuE, revealing no effect on CDC2 following incubation with CuE (Figure 4a upper panel) . CDC2 protein expression was quantified by measuring relative intensities. We found that CDC2 levels were not significantly changed in cells incubated with CuE. Moreover, the activity of the GADD45g/CDC2 complex (important for G 2 -M transition blockade during the cell cycle) was determined by Co-IP (Figure 4a lower panel) and quantified by measuring the relative band intensities. We found that activity of GADD45g-CDC2 complex was significantly enhanced in cells incubated with CuE (Figure 4c) . These results indicate an increase of the cell population in G 2 /M phase via dissociation of the cyclin B1/CDC2 complex by integrated GADD45g following incubation with CuE in GBM8401 cells.
Discussion
Cucurbitacins, a family of naturally occurring tetracyclic triterpenes, have been shown to be potent cytotoxic agents in cancer cells. 19 In our previous study, CuE-treated cells showed growth arrest and apoptosis in human oral squamous cell carcinoma cell line SAS cells. 20 The most common cell death mode in cucurbitacins treatment seems to be apoptosis 21 and cell cycle arrest. 22 In a previous study, the CuE activated the caspase-dependent pathway, coinciding with the activation of the mitochondrial pathway in bladder cancer cells. 23 Throughout Asia, CuE has been used in traditional medicine for cancer therapy and many studies have attempted to elucidate the mechanism underlying its antitumor activity. 8 Moreover, triterpepenoids (steroidal compounds) are able to cross blood brain barrier due to their lipophilic nature. So, it can be assumed that such compounds might also be responsible for eliciting antitumor activity in brain. 24 Liposomal CuE may conduct the pharmacokinetics of CuE. 8, 25 However, the results summarized in Figures 1 and 2 indicate that CuE may mediate the survival of GBM8401 cells. Thus, the proliferation of these cells was inhibited by pathways other than apoptosis. Recent studies have shown that CuE inhibited the growth of tumor precursors 26 and enhanced VEGFR2-mediated Jak2-STAT3 pathways 27 leading to apoptosis 28 and anti-angiogenesis. 29 In this study, the CuE demonstrated antitumor activity as well as the ability to induce mitosis delay. The results collected in this series of studies provide experimental evidence supporting the contention that CuE may irreversibly arrest the growth of GBM8401 cells. The results of mechanistic analysis led to the conclusion that both inhibition of proliferation and the induction of mitosis delay are highly dependent on CuE accumulated in the GBM8401 cells. The role of CuE in the inhibition of tumor cell growth was highlighted by the delay of mitosis through the upregulation of GADD45g, and in the dissociation of the cyclin B1/CDC2 complex in GBM8401 cells.
The Gadd45 gene family encodes three highly conserved nuclear proteins that contribute to cellular homeostasis in response to stress. 30 Evidences suggest that GADD45 family fulfills similar functions in survival, cell cycle control, apoptosis, and repair of DNA damage. 31, 32 Multiple tumor suppressive genes linked to sporadic tumors have been identified. À g mRNA expression standardized against the levels of GAPDH in GBM8401 cells exposed for 4 h to DMSO (CuE 0 mM control) or CuE. Statistical analysis used the t-test, with the significant differences determined at the level of *Po0.05 versus the control group They can be placed into two groups: the RB group includes GADD45B and GADD45G 33 and the p53 group includes GADD45A. 34 Among the p53 pathway genes, apoptosis-related genes had markedly increased when compared with controls. Moreover, cell cycle progression genes and DNA-repair genes (that is, GADD45G) had also increased. 35 Gadd45g has also been shown to interact with several key cellular regulators, including cyclin B1, p21, proliferating cell nuclear antigen, and mitogen-activated protein kinase. 36 The cellular function of Gadd45 g is dependent on its interacting partner. Notably, Gadd45 g is able to suppress G 2 -M progression in response to stress through its ability to interact with, and suppress the kinase activities, of the cyclin B1/CDC complex. 37 Accordingly, RNA silencing of Gadd45 expression impairs G 2 -M checkpoint activity. It remains to be determined whether interactions between Gadd45 and p21 have a role in G 1 arrest. 36 Moreover, downregulation of Gadd45 is closely associated with the degree of malignancy in cancers. Therefore, Gadd45 gene family may have an important role in carcinogenesis.
The effect of CuE in GBM8401 cells seemed to be independent of a DNA-damage Chk1-cdc2-mediated pathway, unlike the G 2 arrest mediated by radiation, and seemed to be predominantly a metaphase arrest. 38 Of interest, our findings suggest that cell cycle G 2 /M arrests in GBM8401 cell lines at higher CuE doses (7.5 and 10 mM), whereas apoptosis and caspase activation dominate at low doses (5 mM) in SAS cells 18 and other cancer cells. 27 The results of mechanical analysis have led us to conclude that both inhibition of proliferation and the induction of apoptosis are dependent on the cancer cell types. However, on further investigation, our data suggest a more complex mechanism involving cell cycle deregulation and apoptosis that seem to reflect differences in degree of CuE-induced toxicity between the cancer cell lines.
In conclusion, we have demonstrated for the first time that CuE inhibits tumor growth by arresting the cell cycle at G 2 /M phase via GADD45g gene expression and blockade of cyclin B1/CDC2 complex in GBM8401 cells. The role of CuE in the inhibition of tumor growth was highlighted by the delay of mitosis through the upregulation of GADD45 gene family. These findings suggest the applicability of CuE as an anticancer agent.
Materials and Methods Materials. CuE, DMSO (dimethyl sulfoxide) and MTT (3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide) were obtained from Sigma (St. Louis, MO, USA). Cell culture medium (DMEM), fetal bovine serum (FBS), antibiotics, sodium pyruvate, trypsin, and phosphate-buffered saline (PBS) were purchased from Gibco, BRL (Grand Island, NY, USA). Polyvinylidene fluoride membrane (PVDF) (Merck Millipore, Darmstadt, Germany), and molecular weight markers were purchased from Bio-Rad (Berkeley, CA, USA). All other reagents and compounds were analytical grades.
Cell culture. GBM 8401 cells were purchased from the Food Industry Research and Development Institute (Hsinchu, Taiwan). The cells were maintained on culture dishes, in RPMI 1640 supplemented with 10% (v/v) FBS and cultured in an incubator at 37 1C in an atmosphere containing 5% CO 2 .
Cell proliferation assay. Cells were seeded into 96-well culture plates at 10 000 cells/well. Different cell wells were treated with 0, 2.5, 5 and 10 mM of CuE for 1-3 days. MTT dye (1 mg/ml) was added to each well for an additional 4 h following treatment. The reaction was stopped by the addition of DMSO, and optical density was measured at 540 nm using a multi-well plate reader (Powerwave XS, Biotek, Winooski, VT, USA). In the absence of cells, background absorbance of the medium was subtracted. Results were expressed as a percentage of control, which was considered as 100%. Each assay was performed in triplicate and the results were expressed as the mean (±S.E.M.). Changes in cell morphology were determined microscopically with an Olympus CKX41 microscope. Figure 4 Cell cycle arrest by CuE in GBM8401 cells via GADD45g/CDC2 complex formation. Cells were treated with CuE followed by (a) western blot analysis (upper) and Co-IP (lower) (b) quantification of intensities by Li-COR near infrared imaging system. (c) Mitosis delay by CuE in GBM8401 cells via inhibition of Cdc2-cyclin B1 complex dissociation by GADD45g binding with CDC2. Significant differences were determined at a level of *Po0.05 versus the 0 mM control group Measurement of apoptosis. GBM 8401 cells were first seeded in six-well plates (Orange Scientific, E.U., Braine-l'Alleud, Belgium). Following the treatment with CuE for 4 h, the cells were harvested and washed in cold PBS. A 1 Â annexin-binding buffer (BD Pharmingen, BD, USA) and 100 mg/ml working solution of PI (Sigma) were prepared. The washed cells were recentrifuged (the supernatant was discarded) and resuspended in 1 Â annexin-binding buffer. Following this, 5 ml of FITC annexin V (BD Pharmingen) and 1 ml of 100 mg/ml PI working solution were added to each 100 ml of cell suspension, and the cells were incubated at room temperature for 15 min. After the incubation period, the stained cells were analyzed using flow cytometry, with fluorescence emission measurements showing only low levels: apoptotic cells showed green fluorescence, and dead cells showed both red and green fluorescence.
MMP. GBM 8401 cells were first seeded in 24-or 6-well plates (Orange Scientific, E.U.). Following treatment with CuE for 4 h, Rhodamine 123 (10 mg/ml, Sigma-Aldrich, St. Louis, MO, USA) and JC-1 (25 mM) was added to the culture medium (500 ml/well) and incubated (37 1C, 20 min) for mitochondrial staining. After washing twice with warm PBS, the cells were fixed using 2% paraformaldehyde, inspected using a fluorescence microscope (Olympus CKX41 and U-RFLT 50), and the RFU (Relative fluorescence unit) was detected using a BioTek FLx800 TBI. To detect rhodamine 123, the wavelengths were set at 504 and 534 nm. Each assay was carried out in triplicate and the results were expressed as the mean (±S.E.M.) of RFU and reported as the percentage of the RFU for the control group (SFN 0 mM). For JC-1, quantification was performed by flow cytometry (BD FACScalibur, BD) and mitochondria containing red JC-1 aggregates in healthy cells were detectable in the FL2 channel, whereas green JC-1 monomers in apoptotic cells were detectable in the FL1 channel.
Cell cycle analysis. For cell cycle analysis, we used the fluorescent nucleic acid dye PI to identify the proportion of cells in each of the three interphase stages of the cell cycle. Cells were treated with 0, 2.5, 5, and 10 mM CuE for 24 h, and then harvested and fixed in 1 ml of cold 70% ethanol for at least 8 h at À 20 1C. DNA was stained in PI/RNaseA solution and the cell cycle (at least 10 000 single cells) was detected using flow cytometry (FACSCalibur, BD). Data were analyzed using WinMDI 2.8 free software (BD).
Mitotic index analysis. The mitotic index was assessed by MPM-2 (antiphospho-Ser/Thr-Pro) expression. After 24 h of treatment with CuE, cells were harvested and fixed in 70% ethanol overnight. Cells were then washed and suspended in 100 ml of IFA-Tx buffer (4% FCS, 150 nM NaCl, 10 nM HEPES, 0.1% sodium azide, 0.1% Triton X-100) with a primary MPM-2 antibody (1 mg/ml; Upstate Cell Signaling Solutions, Millipore, Watford, UK) at room temperature for 1 h. Cells were washed and resuspended in IFA-TX buffer with a rabbit anti-mouse FITC-conjugated secondary antibody (1 : 50; Serotec, Oxford, UK) for 1 h at room temperature in darkness. Finally, cells were washed and resuspended in 500 ml of PBS with 20 mg/ml of PI (Sigma) for 30 min in the dark. MPM-2 expression was analyzed using flow cytometry (FACSCalibur, BD). Data were analyzed using WinMDI 2.8 free software.
Western blot assay. A total of 30-50 mg of proteins were separated by SDS-PAGE (10-12% SDS-polyacrylamide gel electrophoresis), and transferred to PVDF membranes (Merck Millipore) in a tank blotter (in 25 mM Tris/0.192 M glycine, pH 8.3/20% methanol) at 30 V overnight. The membranes were blocked with blocking buffer (Odyddey, LI-COR, Lincoln, NE, USA) overnight, and incubated with anti-b-actin (Sigma-Aldrich), anti-CDC2 (Santa Cruz BioTechnology, Dallas, TX, USA) antibodies for 1.5-2 h. The blots were washed with Tris-HCl (pH 8.0/150 mM NaCl/0.05% Tween-20) for 3 Â 10 min, and incubated with a second antibody (anti-rabbit or anti-mouse immunoglobulins) (IRDye Li-COR, USA) at a 1/20 000 dilution for 30 min. The antigen was then visualized using a near infrared imaging system (Odyssey LI-COR) and data were analyzed using Odyssey 2.1 software.
Co-immunoprecipitation (Co-IP). Co-IP is an effective means of quantifying protein-protein interactions in cells. Briefly, 500 mg of cellular proteins were labeled using anti-CDC2 (Santa Cruz BioTechnology) and GADD45g (TA505437 OriGene Technologies, Rockville, MD, USA) following overnight incubation at room temperature. The protein-antibody immunoprecipitates were collected by protein A/G plus-agarose (SC-2003 Santa Cruz BioTechnology). Following the final wash, the samples were boiled and centrifuged to pellet the agarose beads. Western blot analysis of the CDC2 protein in the supernatant was then conducted. Antigens were visualized using a near infrared imaging system (Odyssey LI-COR) and data were analyzed using Odyssey 2.1 software.
Gene expression profiling (GEP). Briefly, the untreated cells or those treated with CuE for 4 h, were harvested and total RNA was isolated using an RNasey kit (Qiagen) as described by the manufacturer. Total RNA was sent to Welgene Company for whole human genome SurePrint G3 arrays GEP analysis (Agilent Technologies).
RT-PCR. A reverse transcriptase system (Promega, Southampon, UK) was used to synthesize cDNA from 1 mg of total RNA. Between 2 and 4 ml of cDNA were used for PCR analysis. The primers used for amplification of the human genes are listed in Tables 3a and 3b . PCR (50 ml) reactions were performed using 100 ng of each primer and 1 U of Dynazyme II (Flowgen, Lichfield, UK). Thermal cycling was conducted for 35 cycles at the following temperature/durations: 94 C for 40 s, 60 C for 40 s, and 72 C for 40 s using a Progene thermal cycler (Cambridge, UK). A final extension of 72 1C was performed for 10 min at the end of 35 cycles. The primers used for amplification of the target genes were checked against all other gene sequences for specificity. PCR reactions were analyzed on 1.5% agarose/TAE minigels and stained using 0.5 mg/ml ethidium bromide. Gels were visualized using an Apligene UV CCD camera system.
Quantitative real-time-PCR (qRT-PCR).
Real-time-PCR was conducted using SYBR Green PCR MasterMix according to the manufacturer's instructions. QRT-PCR was performed using B200 ng of SYBR Green PCR MasterMix in an ABI 7300 system (Applied Biosystems, Foster City, CA, USA). PCR conditions were 95 1C for 5 s, 60 1C for 30 s, and 72 1C for 30 s for 40 cycles. Sample cells from three plates were run in duplicate, using the threshold suggested by the software for the instrument to calculate Ct. To normalize readings, we used Ct values from 18 s as internal controls for each run, obtaining a DCt value for each gene.
Statistical analysis. All data were reported as the mean ( ± S.E.M.) of at least three separate experiments. A t-test or one-way analysis of variance with post hoc test was employed for statistical analysis, with significant differences determined as Po0.05 or 0.01. 
